interface are derived for non-Newtonian fluids that can be
described by Maxwell, Voigt, and power-law fluid models. Based on model calculations, we have identified the measurable effects on the reflection coefficients due to fluid non-Newtonian behavior. The models are used to interpret the viscosity data obtained by a technique based on shear impedance measurement.
Ii'iTRODUCXlON complex shear-wave reflection coefficient at the solidfluid Shear impedance of a fluid can be determined by measuring the interface [l-31. Fluid shear viscosity can then be deduced from the shear impedance if shear rate and fluid density can be measured. It has been shown that fluid density can be determined from the acoustic impedance measurement, which uses longitudinal waves 141. Recently, we developed a nonintrusive ultrasonic viscometer that simultaneously measures both longitudinal-and shear-wave reflection coefficients [S]. Normal-incidence solid wedges are used the fluid, from which fluid density is determined independently in our design. The viscometer can also measure sound velocity i n coefficient is related to shear impedances of both the fluid and the from viscosity measurement. Because the shear-wave reflection wedgc, the sensitivity and measurement range of this technique as applied to viscosity measurement depend on the wedge property. A wedge of greater shear impedance covers a wider measurement range but with less sensitivity. It is also noticed that reflection coefficients of Newtonian fluids are not a simple decreasing function of viscosity, but have a lower bound of 0.4142 that dictates the measurement range and sensitivity of the technique. However, in our laboratory. we observe that when the technique i s 0.4142 are measured. To interpret our data, we examine the effects Little is known of thixotropic fluid phenomena. Viscoelastic fluids usually exhibit a memory for past deformations and hence for past shear; their nonNewtonian behavior can be characterized by relaxation processes, and several mechanical models have been used to describe their phenomena. Commonly used models are based on Maxwell and Voigt models; the Maxwell model has been widely studied [7] .
coefficients for the three non-Newtonian fluid models (power-law, In this paper, we first derive the expressions of reflection
Maxwell, and Voigt), and then discuss -on the hasis of model calculations -the differences between Newtonian and nonNewtonian fluids. Our measurement technique is then described and data for highly viscous hydrocarbon fluids are presented and interpreted by the non-Newtonian fluid models.
7HEoRY
We consider here a practical measurement configuration that utilizes a cylindrical wedge of common industrial materials such wedge, transmits ultrasonic pulses to the wedgdfluid boundary at as metals or polymers. A shear wave transducer, bonded to the a normal incidence angle. Plane shear waves are assumed and the waves are polarized in the direction that the particle motion i s parallel to the interface so that mode conversion is avoided. The pmpagation of the shear waves can be described by Thus, the solid-line region of each curve represents the real physical range and therefore the sensitivity that is measurable for that frequency. This Newtonian model indicates that increase of the operating shear-wave frequency will reduce the measurable viscosity range but will increase the measurement sensitivity. It is also noticed that for Newtonian fluids, the reflection coefficient Eq.5 by setting 2, = 2'" R,.
has a lower bound of 0.4142, which can be easily deked from
To examine the effects on reflection coefficient due to nonNewtonian behavior, we choose three commonly used models: Maxwell, Voigt and power-law expressions. The reflection coefficient for each model is derived based on the basis of the E . Substituting E q . 9 into Eqs. 6 and 5 , we obtain the reflection coefficients plotted as a function of viscosity for different G, coefficient for the Maxwell model. Figure  2 shows reflection values. When G _ = 10" , the Maxwell model approaches the Newtonian fluid model. As G, decreases, i.e., the Maxwell relaxation time increases if fluid viscosity remains constant. the reflection coefficient will reach a minimum corresponding to total impedance match with the wedge material. This is more clearly illustrated in Fig. 3 where we plot the calculated reflection coefficients as a function of G,for various fluid viscosities.
7he (K,n) model gives the same expression for Newtonian fluids thinning behavior, while for n > l it is used to describe dilatant or when n = 1 and K = q. For n < 1 it describes pseudoplastic or shear shear thickening behavior. Figure 5 shows the reflection coefficient functions for the power-law model. Clearly, the viscosity range covered by the reflection coefficient measurement increases as n increases.
Voigr Model
The Voigt model has the following relationship for shear stress . , from which we obtain practice, the phase change is very small and requires highfrequency operation for accurate determination. In our experiments, only the amplitude information is used to determine The power-law model is widely used to describe timeparameters, K and n, to relate shear stress and shear rate.
By assuming that shear strain y is an oscillatory function, the shear modulus can be given as
assumed.
A two-step wedge, as shown in Fig. 6 , was designed to produce the two reflections from the same incident signal, and the ratio of the two signals gives a measure of the reflection coefficient. Measurement sensitivity and accuracy of this technique are very dependent on wedge material. A high-impedance material such as For viscosity measurement. the theoretical emor can be estimated stainless steel gives poor sensitivity and large measurement error.
from the following expression:
where R,represents the shear-wave reflection coefficient. Equation 14 indicates that measurement accuracy depends on the reflection coefficient itself. Hence, for wedges of high shear impedance, interest, the viscosity measurement not only lacks sensitivity but which causes a large impedance mismatch with most fluids of also introduces a large measurement error. Selection of a proper wedge material is the critical step in the reflection-coefficient measurement; Table 1 lists the characteristics of some candidate materials. The pulse-echo method was used to measure both the longitudinal and shear velocities of the wedges. Figure 7 shows calculated reflection coefficients for several wedge materials. It i s clearly shown that polymeric materials are suggested for better sensitivity while metallic materials are suitable for a wider measurement range of viscosity. A Lucite wedge was chosen for this experiment and measurements were conducted under static conditions and with shear-wave frequency of 5 Mhz.
Reflection coefficient measurements were made for hydrocarbon-based viscosity standards provided by Cannon 0.91, while viscosity covers a range from l381 to 5.7 x 10' CP. 
